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VARIABILITY IN GROWTH, MORTALITY,

AND GEAR SELECTIVITY

Gerald P. Scott, Stephen C. Turner, Churchill B. Grimes,
William J. Richards and Edward B. Brothers

ABSTRACT

Most indices of stock size for Atlantic bluefin tuna are fishery dependent, and thus do not
benefit from statistical design. Alternatively, we derived a fishery independent index of western
Atlantic stock size from ichthyoplankton surveys conducted by the National Marine Fisheries
Service. The larval abundance indices developed from these surveys have been used to
corroborate trends in fishery dependent estimates of stock size, as well as to tune the virtual
population analysis. Estimates of average annual larval abundance at first daily increment
formation per 100 m? sampled by oblique bongo tows were used to index total annual larval
abundance. A model describing the observed mean trend in larva size at otolith daily incre-
ment count was developed to estimate a probability of age at length matrix for ageing the
captured larvae. Daily loss rates (Z) were estimated through regression analysis of the larval
catch curves. Effects of mesh size changes (333 um or 505 um) during the time series of
sampling were incorporated into the estimates. Uncertainty in the index values for the various
components of the estimator is incorporated through the delta method. Zero catch information
from the sampling is incorporated through application of Pennington’s transform. Finally,
we tested several different methods of calculating the index to evaluate the sensitivity of the
results to different assumptions.

Northern bluefin tuna, Thunnus thynnus, are a large (up to 304 cm and 679 kg)
oceanic pelagic scombrid species that are found in the Atlantic and Pacific Oceans.
Northern bluefin in the western Atlantic are found from Labrador and Newfound-
land south into the Gulf of Mexico and the Caribbean Sea, and also off Venezuela
and Brazil. In the eastern Atlantic, they occur from off Norway south to the
Canary Islands, in the Mediterranean Sea and off South Africa (Collette and
Nauen, 1983). Atlantic bluefin tuna are known to spawn in the Mediterranean
Sea and in the Gulf of Mexico.

Most estimators of indices of stock size for Atlantic bluefin tuna are fishery
dependent, and thus do not benefit from statistical design. Alternatively, we de-
rnived a fishery independent index of western Atlantic stock size from ichthyo-
plankton surveys conducted by the National Marine Fisheries Service. Larval
abundance indices developed from these surveys (McGowan and Richards, 1986,
1987) have been used to corroborate trends in fishery dependent estimates of
stock size, as well as to tune the virtual population analysis (McGowan and
Richards, 1987; Anon., 1991).

In the eastern Atlantic Ocean and Mediterranean Sea bluefin tuna have been
fished for thousands of years, while in the western Atlantic catches were not
substantial until the 1960’s when Japanese longline vessels and U.S. and Canadian
purse seine vessels accounted for much of the catch (Anon., 1991). The highest
catches were recorded in a brief period in the mid 1960’s when substantial longline
catches were taken off Brazil (Fig. 1); since that time very few bluefin tuna have
been caught off Brazil.

Managers became concerned about the status of the stock during the late 1960s
and early 1970’s. The International Commission for the Conservation of AtlantiC
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Figure 1. Yield time series and estimated stock biomass trajectory for western Atlantic bluefin tuna.
Catch data since 1970 are those used in stock assessment analyses by the ICCAT Standing Committee
on Research and Statistics. The biomass trajectory is that resulting from the 1990 SCRS west Atlantic
bluefin tuna stock assessment.

Tunas (ICCAT) adopted a regulation to limit fishing mortality to recent levels in
1975. In 1982 ICCAT adopted: 1) an hypothesis of two management units of
bluefin tuna with limited intermixing, one in the western Atlantic and the other
in the eastern Atlantic and Mediterranean Sea; and 2) a catch restriction of 1,160
mt for the western Atlantic. The catch restriction was raised to 2,660 mt in 1983
and was maintained at that level until 1992, when a 10% reduction in the allowable
harvest level was implemented. International assessments of the status of the
western Atlantic bluefin resource, conducted annually by scientists from ICCAT
member nations, have indicated a large decline in abundance (Fig. 1). Recently,
the information used in those assessments has been restricted to the years since
1970 because of a shortage of observations on size composition for earlier years.
Virtual population analysis (VPA) has been the primary stock assessment method,
and indices of abundance from fishery catch rates or fishery independent surveys
have been an integral part of those analyses.

Bluefin tuna larval assessment procedures were reviewed in 1989 by a NMFS
review panel (Richards, 1990; Murphy, 1990). The NMFS peer review panel
concluded that the larval index was useful for following trends in bluefin tuna
abundance, while noting several problems that needed resolution. Some of the
problems and questions identified by the reviews of Richards (1990) and Murphy
(1990) have been or are currently being addressed, e.g., data management has
been improved, processing of neuston samples is underway, the effect on the index
of changing mesh size from 505 um to 333 um during the survey time series is
being evaluated and the 1990 survey was continued through June to investigate
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the assumption made about duration of the spawning season. We recalculate the
larval abundance index using revised methods.

METHODS

Survey Sampling and Data. —Ichthyoplankton surveys have been conducted in the Gulf of Mexico
during April and May since 1977. Surveys in 1977-1981 covered much of the Gulf of Mexico (7.3~
8.8 x 10" m?, Richards and Potthoff, 1980; McGowan and Richards, 1986), while surveys since then
have concentrated on a smaller area (2.2—4.6 x 10'! m?) within the northern and eastern Gulf of
Mexico that consistently produced catches of larvae. Sampling was conducted both day and night with
61 cm bongo gear using oblique tows and 1 X 2 m neuston nets at stations at the intersection of whole
degrees of longitude and latitude; additional tows (either bongo and neuston or just neuston) were
made along the cruise track at 30-min intervals. From 1977-1981 one side of the bongo net was fished
with a mesh of 333 um and the other with 505 um mesh; since 1982 both nets were 333 um mesh.
Through 1988 all samples were preserved in 10% formalin and transferred to 95% ethanol for long-
term storage. Beginning in 1989, catches from one bongo and one neuston net at each station were
preserved in that manner, and the other of each type in 95% ethanol so that the larvae could be aged.
At each station, information was recorded on location, depth to the bottom, date, time of day, times
of start and end of each tow, and the type of nets fished and the mesh in each net. Bongo nets were
towed with a flow meter in one or both of the nets and the depth of tow recorded, as well as start and
end flow meter readings.

Usually, one of the two bongo nets from each station was processed (sorted and identified). Bongo
samples from 1977 and 1978 cruises were processed at the Southeast Fisheries Center. Since 1981,
all selected samples preserved in formalin have been processed at the Polish Plankton Sorting and
Identification Center in Szczecin, Poland. Each year all scombrid and scombrid-like fish identifications,
as well as all unidentified fish, were reviewed by one coauthor (W.J.R.). Samples collected in 1989
and preserved in ethanol for ageing were not processed unless bluefin larvae were collected in the
adjacent net (preserved in formalin). Improper preservation of some of these samples resulted in only
6 of 32 larvae being useful for ageing.

If more than one sample from a station was processed, only one sample per station was used in
determining the larval catch and catch rate. For the 1977-1981 surveys only 505 pm samples were
used because 333 um samples were only occasionally sorted. For a few samples (< 10) there was no
flow meter data, in which case the flow meter data from the adjacent net on the same tow was used.

The data from the ichthyoplankton surveys were restricted to the area of the northern and eastern
Gulf of Mexico that has been sampled in each survey (Fig. 2). This approach differs from that used
in some other studies of various species in which a variable area is used in an attempt to account for
annual differences in spawning area.

Ageing the Catch. —Because only the length of each larva was measured we developed procedures to
age larvae from length. Data on daily otolith increments at length useful for describing larval growth
were available from two sources. Brothers et al. (1983) reported on an analysis of length and daily
increment counts for 369 larvae collected in 1981. Of these fish, both length and increment counts
were reported for 317. Daily increment counts and length measurements were made on an additional
six larvae collected during 1989 following the methods of Brothers et al. (1983). These otolith increment
at length data were pooled for this analysis.

We modelled larval bluefin growth as a linear function over the observed range of data. First, the
trend in mean length (L) was modelled as the linear regression of daily increment count (D) on L,
fitted by least squares. Mean lengths at observed daily increment count for the regression were weighted
by the inverse of the CV (L,/SE,, SE, = standard error of length at D). For single observations within
an increment count, SE, was assumed equal to the observed length (i.e., a weight of 1 was assigned).

We developed a classification matrix (P(D | 1), age-length key) from the linear growth model for
use in ageing the larvae caught. We assumed that length at daily increment was distributed as a
lognormal variate with variance computed as the deviation from the predicted values based on a least-
squares linear regression through the origin where there was more than one observation at a given
daily increment count (D). Based on the growth model, lognormally distributed random samples of
1,000 lengths for each predicted D (ranging from 1 to 11), with variance defined from the least-square
function, were generated. From these simulated data, the proportions of the total number of lengths
for each 0.1 mm length interval with a specific D value, were calculated and used as the elements of
the P(D | 1) classification matrix (i.e., estimates of the probability of age given length). Lengths less
than 2.40 mm and greater than 9.99 mm were pooled into larger intervals (<2.3 mm and =10.0 mm,
respectively).

For comparison, we aged larvae by two methods, using the classification matrix and the linear
model predicting D from mean L (following McGowan and Richards, 1987). From the classification
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Figure 2. Map of the Gulf of Mexico showing the bluefin tuna larvae survey area. The area covers
approximately 4.0 x 10!!' m2,

matrix, age (expected number of daily increments) of each larva for which we had length measures,
was estimated as the sum of the product of D and the P(D | 1) vector for the observed length. The
variability in the expected daily increment count was taken as the variance of the corresponding P(D
| 1) vector. For the second method of ageing, we predicted age (daily increment number at length)
using the linear growth model. The two methods were applied to the 538 measured larvae. The expected
daily increment count for 14 larvae not measured was defined as the average for the sampling station
where the larvae were collected.

Estimates of Z.—Because the survey catches were too small to support annual estimates of mortality,
we used the expected daily increment counts generated using the classification matrix procedure to
estimate daily larval loss (mortality) rates. Larval loss rates (Z, day—') were estimated as the slopes
of linear regressions of the log.-transformed larval catch curve. Age-frequency data were pooled over
years of the survey, but stratified by mesh size (i.e., 333 um or 505 um). The regressions were conducted
over the range of expected daily increments frequencies from f,,, , to f,,, where f_,, is the maximum
daily increment frequency and fi,, the frequency for daily increment count 10 (the maximum observed
count in the size at age data). The slopes of the regressions were used for estimates of Z. For this
analysis, variability in Z was assumed equal to the asymptotic variance of the regression slope pa-
rameter.

Estimates of Relative Gear Efficiency. —Larval catch curves were used to estimate the relative efficiency
of the two net mesh sizes and adjust the index for differences in gear efficiencies. The samples available
for calculating the larval index were collected with 505 um mesh nets from 1977 through 1981 and
with 333 um mesh nets from 1982 through the present.

Adjustment factors accounting for potential differences in gear efficiency were estimated in two
ways. The first method employed the ratio of the cumulative frequencies at increment number (age)
to adjust (i.e., raise) larval catches of partially recruited larvae. Daily increment-specific relative
efficiencies of the 505 um mesh for capture of small (i.e., partially recruited) larvae were estimated as
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the ratio (R*p) of the cumulative proportions of the daily increment frequencies of 333 um relative
to 505 pm for D’s less than the assumed value of equal vulnerability to both mesh sizes.

f].D fS.D
Ro=13 o S fio )
D=1 D=1

where D indexes daily increment number, ¢ is the D value of assumed equal vulnerability to both
gears, 5 indicates 505 um and 3 indicates 333 um mesh size.

For the second procedure, we employed catch-curve regressions for each mesh size to predict expected
frequencies of the partially recruited increment counts (ages), then used the ratio of the expected to
the observed frequencies to adjust (raise) the observed frequencies of the partially recruited ages for
each mesh size. Specifically, daily increment-specific mesh efficiencies were estimated for partially
recruited larvae to either gear as the ratio (R®,,) of the expected increment frequencies, given an
assumed Z, to the observed frequencies.

D,

where g (=3, 5) indicates mesh size and r is the D value for fully recruited larvae.

To examine the effect of variability in the R, adjustment factor on the overall index uncertainty,
the gear specific catch curves were bootstrapped with 500 iterations and the assumed Z allowed to
randomly vary from a normal distribution with mean equal to the gear-specific Z, and a variance
equal to the variance in Z estimation from the regression analysis described above (i.e., equal to the
asymptotic variance of the regression slope parameter).

Larval Index Estimates. — We estimated the mean number of larvae per 100 m? at first daily increment
formation for each sampling station for each year of the time series and used it to index total abundance.
These were estimated as:

Kk
z Rpe=20ur—b

L,="—% ®
where y indexes year, s indexes sampling station, i (=1, ..., k) indexes individual larvae, A, the
surface area sampled, and R, the gear efficiency estimate applied. I, , was estimated using four different
combinations of parameters: a) Using the linear growth model to age the larval catch and no gear
efficiency adjustment; b) Using the classification matrix to age the catch and no gear efficiency ad-
justment; ¢) Using the classification matrix to age the catch and the ratio of cumulative frequencies
at age method (equation 1) to adjust for differing gear efficiencies; and d) Using the classification
matrix to age the catch and the difference between observed and expected frequency at age method
(equation 2) to adjust for differing gear efficiencies. Variability in I,, was estimated using the delta
method (Seber, 1983), assuming independence between the product terms, as follows:

V(L) = L[Z e-ZOm V(R ) + (ZVEZ) + (1 - D,,,,.)IV(D,,,,i»RD,f}} )

s,y

A,,_y

We estimated average annual larval density, I, taken to be the annual index value, and the variability
in the index due to among station effects (V(I,,)) from the station sample mean and variance of the
log -transformed I, , estimates using the A-distribution method (Pennington, 1983). Thus,

2
Iy = %eTme, (%) , (5)

Y

where m, is the number of stations sampled with larvae, n, the total number of stations, T, and s,?
the sample mean and variance of the m, log,.-transformed I, values, and

- syz J
2 — 2 > — 21 (7)

2 2] “mj(m, + Im, +3)...(m, +2j — 3) j!

A convergence criterion of 0.001 was used in calculating this series. The estimate of among station
variance (V(1,,)) from the A-distribution method (Pennington, 1983) takes the form:

m, m s, 2 m. — 1 m-—2
V(1 = - 2Ty | Y 22y ) — 2 2 )| 7
L. nye {n, G, <2> (n,— 1>G'“’<m— TS )] )
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Table 1. ANOVA results for the linear trend in mean length (LBAR) with daily increment count
(D). Also shown are the weights, model predictions and residuals from the fit

Dependent Variable: Daily Increment

Analysis of variance
Sum of Mean
Source DF squares square F value Prob > F
Model 1 575.90065 575.90065 82.440 0.0001
Error 7 48.90012 6.98573
C total 8 624.80077
Root MSE 2.64305 R-square 0.9217
Dep mean 6.02501 Adj R-sq 0.9106
Ccv 43.86802
Parameter estimates
Parameter T for Hy:

Variable DF estimate SE Parameter = 0 Prob > |T|
INTERCEP 1 —5.557875 1.30777739 —4.250 0.0038
LBAR 1 2.491423 0.27439713 0.080 0.0001

Dep var Predict SE Lower 95%  Upper 95% Lower 95% Upper 95%
Weight D value* predict* mean® mean®* predict* predict* Residual

18.7667 2.0000 1.5842 0.568 0.2422 29262 —0.3862 3.5546 0.4158
1.0000 3.0000 4.8613 0.315 4.1161 5.6064 —1.4329 11.1554 —1.8613
1.0000 4.0000 5.6784 0.290 49918 6.3651 —0.6090 11.9659 —1.6784

14.3703 5.0000 6.4275 0.291 57388 7.1163 4.6408 8.2143 -1.4275

10.2606 6.0000 6.0154 0.288 5.3346 6.6961 3.9489 8.0818 —-0.0154

12.1117 7.0000 6.7229 0.298 6.0183 7.4274 4.7938 8.6520 0.2771
7.7728 8.0000 7.7559 0.345 6.9394 8.5723 5.3701 10.1416 0.2441
7.1805 9.0000 8.8453 0.424 7.8439 9.8468 6.3071 11.3836 0.1547

11.8367 10.0000 9.1515 0.449 8.0902 10.2128 7.0476 11.2554 0.8485

. M‘o'del predxct%d mean D, esti d standard error of predicted mean D, lower and upper 95% confidence interval bounds for model
d mean D (;

p for variation in the parameter estimates only), lower and upper 95% confidence interval bounds for predicted
D (accounts for variation in the p i and includes variation due to the model error term).

Since sampling was conducted in a two-stage fashion, the overall variance about I, was calculated
as the weighted sum of the A-distribution variance, which incorporates the variable proportion of
zero catch information into the estimate as well as inter-station variability for the positive catch
stations from equation (7), and the variability contributed by uncertainty within a station due to ageing
and gear effects as estimated from equation (4). Thus, overall variability in the estimate was taken as:

> va.)
va,) = (;—)—n— + (1 - {,—’)V(IA.,), ®

where N represents the total possible number of stations in the study area. Since the number of possible
stations in the study area is very large compared to the number sampled, the weight given to the
within station term is negligible and the overall variance is approximated by the among station term

(Vay)-

RESULTS AND DISCUSSION

The inverse of the growth model we developed to age bluefin tuna larvae predicts
age from length. The ANOVA of the linear regression of mean length at daily
increment count (Table 1) indicates that the relationship is highly significant over
the range of observed lengths (1.7-8.4 mm). The poor fit of the trend to single
data points is appropriate (increment numbers 3 and 4), and resulted from the
weighting procedure (Fig. 3).

Information on the variability in the distribution of length about age was used
in developing the age classification matrix. Because sufficient observations were
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Figure 3. Linear bluefin larval growth model describing daily increments at length as a linear function
of observed mean length. Small squares represent observations and large squares are mean values.

not available for lengths about all ages of interest, this variance was estimated
from a regression. The linear regression of sample precision(CV) of mean length
on observed mean length (Table 2) provided a basis for estimating this variability
over a range of mean lengths at age. The regression was used to predict the
variability in mean length at age for daily increment counts 1-11. The modelled
probability of length at daily increment is shown in Figure 4. Random samples
of 1,000 lengths from each lognormal distribution of length about ages 1-11 was
used to estimate the probability of daily increment count for a given length
interval. These estimates resulted from the proportion of the total number of
simulated lengths for each daily increment count for each 0.1 mm length increment
over the range <2.3->10.0 mm. The daily increment at length classification
matrix, P(D | 1), constructed from the model simulated samples are shown in
Table 3. The method used to construct the P(D | 1) matrix implicitly assumes a
prior distribution of D that is uniform. Alternative assumptions about the prior
distribution of D might result in different estimates of P(D | 1), however the
imprecision in the larval density estimates is such that differences resulting may
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Figure 4. The modelled probability (P) of length at daily increment. Curves represent the probability
surface; the observations (data points) and linear trend (solid line) are also shown.

be undetectable (e.g., compare index values resulting from methods a and b in
Table 5 and Fig. 6).

The gear-specific catch curves we developed are similar (Fig. 5). Larvae were
assumed fully recruited to the 333 um mesh at 2 daily increments, while a value
of 3 daily increments was used for the 505 um mesh. Regression analysis to
estimate Z for each gear ranged over values of 3—10 daily increments for 333 um
and from 4-10 for the 505 um mesh (Table 3). Differences in gear-specific Z
estimates could mean that the total loss rate is mesh-specific, indicating a need
to include a factor in equation (2) to account for a mesh effect on Z. However,
as evidenced by these results, the Z estimates by gear are not appreciably different,
each gear type having an estimated Z of 0.2 day~!, and including a gear term in

Table 2. ANOVA results and model parameter estimates from the linear regression of sample pre-
cision of mean length (CV) on observed mean length (LBAR)

Dependent Variable: CV

Analysis of variance
Sum of Mean
Source DF squares square F value Prob > F
Model 1 44,116.06884 44,116.06884 327.698 0.0001
Error 6 807.74484 134.62414
U total 7 44,923.81368
Root MSE 11.60276 R-square 0.9820
Dep mean 11.40907 Adj R-sq 0.9790
Cv 101.69769
Parameter estimates
Parameter T for Hy:
Variable DF estimate SE Parameter = 0 Prob > |T|

LBAR 1 2.220043 0.12263784 18.102 0.0001
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Figure 5. (a) Gear-specific catch curves for bluefin tuna larvae in survey samples, and expected
proportions of partially recruited ages for each mesh size that were backcalculated by regression using
an assumed constant slope (Z) of —0.2. (b) The cumulative proportion of larvae caught by gear over
the range of 1-3 daily increments and the adjustment ratio computed based on the method described
in the text.

equation (2) was judged unnecessary for this application. The value estimated for
Z (i.e., 0.2-day~"') falls in the range cited in Houde (1989), who reviewed daily
larval mortality rates for many species. We felt the value estimated was reasonable
and appropriate to use in subsequent analyses. To characterize the variability in
the larval density estimates attributed to gear, we used the gear-specific Z’s and
associated asymptotic standard errors (Table 4).

The two alternative adjustments to the larval index (I,) for different sampling
gear efficiencies (i.e., 333 um vs. 505 um mesh) gave somewhat different results.
Cumulative proportions for the gear-specific catch curves for larvae estimated to
have 3 or fewer daily increments are, as expected, higher for the smaller (333 um)
mesh (Fig. 5b). Assuming equal vulnerability to the gear at e = 3 daily increments,
this method estimated that the relative efficiency of the 505 um mesh is 48% for
larvae with one or fewer expected daily increments and 76% for larvae with 2
expected daily increments. These relative efficiencies correspond to adjustment
values of R®, = 2.07 and R?, = 1.31. In the second method, we predicted the
expected proportion for each gear, given an assumed constant Z of —0.2-day!
for the 333 pm and 505 pm mesh catch curves (Fig. 5a). For the 333 um mesh,
with an assumed r = 2, the observed proportion at one daily increment is 70%
of the expected (R®, ; = 1.42). For the 505 pum mesh, the adjustment values when
r = 3 are R% s = 3.87 (26% of expected) and R®, s = 1.33 (75% of expected).
Variability in the R® adjustment method estimated via bootstrapping resulted in
CV’s for the R®, ; and R®, s estimates of 0.15 and 0.11 respectively, while the
corresponding CV for the R®, 5 adjustment estimate was 0.24. These values were
used in estimation of added variability associated with gear effects in the larval
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Table 4. Results of the catch curve analysis for the 333 um and 505 um mesh sizes (Parameter

estimates for the D variable represent the estimated Z)
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333 Mesh analysis, (3 = D < 10)

Analysis of variance

Sum of Mean
Source DF squares square F value Prob > F
Model 1 1.66963 1.66963 122.899 0.0001
Error 6 0.08151 0.01359
C total 7 1.75114
Root MSE 0.11656 R-square 0.9535
Dep mean 2.76056
Parameter ¢stimates
Parameter T for H,:

Variable DF estimate SE Parameter = 0 Prob > |T|
INTERCEP 1 4.056539 0.12395302 32.726 0.0001
D 1 —0.199382 0.01798499 —11.086 0.0001
505 Mecsh analysis (4 < D < 10)

Analysis of variance
Sum of Mecan
Source DF squares square F value Prob > F
Model 1 1.18464 1.18464 383.258 0.0001
Error 5 0.01545 0.00309
C total 6 1.20009
Root MSE 0.05560 R-square 0.9871
Dep mean 2.86675
Parameter estimates
Parameter T for Hg:

Variable DF estimate SE Parameter = 0 Prob > |T|
INTERCEP 1 4.306580 0.07649022 56.302 0.0001
D 1 —0.205690 0.01050674 —-19.577 0.0001

density estimates. An alternative to the age-based adjustment for gear selectivity
applied in this analysis is a length-based estimate of larval loss. The sensitivity
of the estimation to a length-based procedure for estimating larval loss due to
differential gear selectivity needs to be examined in future applications of the
index.

The four methods of calculating the annual larval index values did not give
substantially different results (Fig. 6). Table S summarizes the larval survey data
used for estimating annual index values, and gives the results of the four methods
for estimation. The first method aged individual fish by the linear trend model
in Table 1 and Figure 3. The second method aged individual fish with the P(D |
1) matrix in Table 3. The third and fourth methods also used the P(D | 1) matrix
for ageing, but also incorporated the two gear efficiency adjustment methods
described above. The larval survey index values estimated in the fashion described
in this paper have been used by ICCAT Standing Committee on Research and
Statistics for tuning the western Atlantic bluefin VPA since its 1989 meeting,
generally scaling the annual index values to the maximum mean I in the time
series, Prior to that an alternative formulation (McGowan and Richards, 1987)
was used. We feel that the method incorporating the classification matrix ageing
and adjustment by Z, although it does not appear to give different results from
the other methods used in this paper, is the superior method of those tested
(method d in Table 5; Fig. 6d) because it incorporates the most biological reality.
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Figure 6. Bluefin tuna survey larval index values (bar) with associated 95% confidence regions based
solely on estimated between station variability. Larval index values used by the 1989 SCRS Bluefin
Tuna Species Group are shown with open circles. Upper left graph depicts method a in Table 5; upper
right, method b; lower left, method c; and lower right, method d.

That is, the method includes the uncertainty in estimating age from length and
adjusts for different gear efficiencies in the straightforward manner of backcal-
culating the abundance of partially recruited ages from the estimated Z value.
That there is a high level of uncertainty associated with the larval index is not
unexpected because of the need to make assumptions about such characteristics
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Figure 7. Three indices of abundance of large bluefin tuna in the western Atlantic Ocean scaled to
their 1983 values. The three indices are: the larval index (method d in Table 5), an index from the
rod and reel fishery off the northeast U.S. (Cramer and Brown, 1991) and an index from the Canadian
tended line fishery (Clay et al., 1991).

as loss and growth rates, and because of the small numbers of larvae caught per
year for the time series (10-27). One consequence of the high degree of variability
in estimates of larval density when relatively few (i.e., 10 or fewer) larvae are
sampled in the standard survey grid is that the statistical power for discriminating
interannual differences in the index is low. Because of this, comparison of the
mean values in isolation of their associated variances could lead to incorrect
inference about change in the biomass that spawned the larvae. Alternative for-
mulations of the index such as presence-absence estimation methods (Mangel and
Smith, 1990) may provide more precise measures of spawning abundance. This
method of estimation needs to be further investigated for bluefin tuna. However,
even given the high degree of variability in the current index, ICCAT’s SCRS has
applied the index for calibrating (see discussion to follow) assessment analyses of
western Atlantic bluefin stock status.

For the 1990 western Atlantic bluefin assessment, two other indices of abun-
dance of large bluefin were available: the rod and reel fishery for large bluefin
(>200 cm straight FL) off the northeast U.S. in 1983-1989 (Cramer and Brown,
1991) and the Canadian tended line fishery for even larger bluefin in 1981-1989
(Clay et al., 1991; Fig. 7). Comparison of these with the larval index shows that
they follow a trend similar to larval index and each other. The annual mean index
values from all three indicate relatively higher catch rates in the early 1980’s than
in later years, while the larval index mean values show a relative increase in the
late 1980’s not reflected in the other indices. Approximate confidence bounds
estimated for the larval index (Fig. 6d) and the U.S. rod and reel index (Cramer
and Brown, 1991), suggest that differences between index series in recent years
are not statistically significant.
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Figure 8. Relative abundance of western Atlantic bluefin tuna aged 8 years and older from 1970~
1990 as estimated by VPA calibrated with the larval index (graph on left) and with all 6 available
indices (graph on right, Anon., 1991). Estimated abundance of large (ages 8 +) west Atlantic bluefin
tuna resulting from VPA were tuned to index mean values. Depicted are stock size esimates relative
to the 1970 estimated abundance and the associated 95% confidence regions estimated by the delta
method.

ICCAT assessment working groups have used a larval index to identify trends
in the abundance of large bluefin tuna in the western Atlantic Ocean. That the
index is fishery independent and based on the results of spawning in the Gulf of
Mexico is useful because other indices available for large bluefin in the western
Atlantic are derived from fishery data which could conceivably include catches
of fish which had migrated from the eastern Atlantic.

Indices of abundance have been used to calibrate VPA’s of bluefin and other
species (Parrack, 1986; Gavaris, 1988; Conser and Powers, 1990). The indices
are used to determine the most likely population trend from the wide range of
trends that can be estimated from the catch at age. Scientists from ICCAT member
nations calibrate bluefin tuna VPA’s using multiple indices of abundance, in-
cluding the larval index. When the larval index is the only index used to calibrate
the VPA, conditional confidence intervals (considered conditional because they
are dependent on assumptions built into the VPA, including assumed natural
mortality rate, that the mean index values are measured without error, and that
the population dynamics are captured by the process implicit in the VPA model
applied) about estimates of population size for the ages expected to spawn in the
Gulf of Mexico (ages 8 years and older) are wide (Fig. 8), and increasingly so in
recent years. This results from the relatively poor fit between the VPA and the
larval index. Narrower confidence intervals about estimated stock size are ob-
tained when the VPA is tuned with several other indices of abundance (e.g., U.S.
rod and reel and Canadian tended line indices; Fig. 8), resulting in less confidence
in the larval index as a precise indicator of interannual change in stock biomass.
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